The kinetics of the gas-phase thermolysis reaction of seven β-lactams and their thione analogues were investigated over thetemperature range 533-603 K for the β-lactams, and 463-542 K for the β-thiolactams. The average values of the energy of activation (E a /kJ mol -1 ) and Arrhenius log A/s -1 were respectively, 170.8 ± 18.6and 12.4 ± 1.6 for the lactams, and 131.7 ± 18.2 and 11.0 ± 2.0 for the thione analogues. The entropy of activation (∆S # ),was negative for eleven of the substrates, and slightly positive for three.The rate constants (k/s -1 ) were calculated for 510 K, and compared for the two series of azetidinones. The effects of substituents on rates, and the novel role played by the (C=O) and (C=S) moieties on the relative reactivities of the cyclic amides are rationalized on the basis ofa formal retro [2+2]cycloaddition mechanism used earlier to explain the products of the gas-phase thermolysis reaction of the present azetidinones.
Results and Discussion

Kinetic Data Analysis
The first-order rate coefficients (k/s -1 ) of the seven β-lactams are recorded in (Table 1) , and the rates of the seven β-thiolactams are in (Table 2) . Besides, the two tables include the values of the Arrhenius (log A/s -1 ) and energy of activation (E a /kJ mol -1 ) of the lactams. Each rate coefficient at any given reaction temperature represents an average from at least three measurements in agreement to within ±2%. To obtain reliable kinetic data, the rates were calculated over a temperature range of 50 ± 10 K between 533 -603 K for the β-lactams, and 50 ± 10 K between 463-542 K for the β-thiolactams.
5-
8 Kinetic runs were analyzed by monitoring the disappearance of substrates during the reactions, which were allowed to proceed for 92-98% pyrolysis (series 1) and 75-99% pyrolysis (series 2). -49.9
The Arrhenius plots from which log A/s -1 and E a /kJ mol -1 data were calculated, were strictly linear with correlation coefficients in the order of 0.997 ± 0.002. Typical plots for β-lactam 1a and its analogue β-thiolactam 2a are shown in (Fig. 3a and Fig. 3b ),respectively. The correlation coefficients of the two plots were 0.995 and 0.996, for 92% pyrolysis in each case. Tables (1) and (2) also include entropies of activation as well as rate constants at 510 K for the substrates under study; rates at (T= 510 K) being obtained using the kinetic relation: log k = logA -E a /4.575T. [8] [9] [10] The rates at T= 510 K are used and reported for two practical reasons: (i) This temperature lies within the range over which kinetic measurements were conducted; (ii) Rate constants at this temperature allow comparisons of molecular reactivity to be made between the azetidinone compounds in the two series. 
Pyrolysis Reaction Mechanism
The kinetic results of the pyrolysis of the azetidinones under study are rationalized on the basis of the same mechanism that was used earlier to explain reaction products. This mechanism consists of two steps (A,B), and has been described as a retro[2 + 2]cycloaddition-type fragmentation of the β-lactam ring (Figure 1 ). 1 It is instructive to note that the mechanism offered to explain the synthetic route to the β-lactams was formulated as initial formation of zwitterionic adduct which then undergoes a conrotatory ring closure to form the β-lactam. This conclusion was largely based on a kinetic analysis of substituent effects, and an application of Hammett linearfree energyrelationship (LFER) correlation.
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The major contribution to the molecular reactivity of the azetidinone compounds comes from the (C-N) bond (i) of route (A), and the (C-NX) bond (ii) of route (B), as shown in Figure( The (N-CX) bond (ii) forms part of a cyclic four-membered amide ring. This cyclic structure is under ring strain, which is further augmented by deviation from an expected trigonal planar angle of 120° at the (CX) carbon for an acyclic amide. 13 The (N-CX) bond (ii) is also influenced by the lone pair of electrons on the (N) atom, that is subject to resonance delocalization incorporating the substituents on the aryl (Ar') group, and extending it to the amide (C=X) moiety. Besides, the difference in electronegativity between (O) and (S) is also known to influence the comparative behaviour of the amide/thioamide bond.
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Relative Rates and Substituent Effects
The rates at 510 K (k/s -1 ), and the relative rates (k rel ) of the seven β-lactams (X=O) and seven β-thiolactams (X=S) are together given in (Table 3) . for (ρ-Cl) in 1d, 2d. These substituents display mesomeric (resonance) effects, with Hammett substituent constants:σ p =-0.29 and 0.22, respectively. 15 The methyl substituent has an inductive/hyperconjugative effect (σ p =-0.16) and leads to a relative rate of intermediate magnitude.
The three substituents (CH 3 , CH 3 O, Cl) produce the expected reverse effect on reactivity, when forming part of the aryl group (Ar') at the (N) end of the (C-N) bond (i). The relative rates for (ρ-Cl) are 1.7 and 1.6 (1g, 2g), compared with 1.1 and 0.96 for the (ρ-CH 3 O) substituent.
Structure -Reactivity Correlation for β-Lactams/β-Thiolactams
The comparative reactivities of the seven pairs of β-thiolactams/β-lactams (C=S/C=O) are given in Table ( 4) . These values are based on the rate constants (k/s -1 ) at 510 K of Tables (1) and (2). Apart from the ketone/thione moieties, the substrates in each pair have the same structure. The difference in molecular reactivity observed for all seven pairs of compounds is, however, striking. The β-thiolactams are significantly more reactive than their β-lactam counterparts by rate factors that are ca74-334 times higher for X=S (Table 4 ). The relative rate factors (C=S/C=O) appear to be also influenced by substituents, the factors being of lower magnitude for compounds with substituents in the aryl (Ar') group.
The β-lactam core is a cyclic four-membered amide ring, that is kinetically reactive. This property has been utilized in the development of the "synthon method",by which β-lactams are prepared and then further used as precursors to novel organic compounds. This process was repeated after each 10-15°C rise in the temperature of the pyrolyzer until an average ca 90% pyrolysis was achieved. The relative ratios of the integration values of the sample and the internal standard (A) at the pyrolysis temperature were then calculated. A minimum of at least three reproducible kinetic runs were carried out at each 10-15°C rise in the temperature of the pyrolyzer to ensure acceptable values of (A).
Treatment of the kinetic data, and calculation of Arrhenius parameters and reaction rate constants have been detailed elsewhere. 
(ii)
Contribution to the molecular reactivity of β-lactam and β-thiolactam compounds is assessed from kinetic analysis of substituent and structural effects influencing bonds (i) and (ii).
